A pilot plant, using a four-compartment reactor packed with Biolace media, was operated in the anoxic/aerobic submerged fixed-film (A/ASFF) and the aerobic (ASFF) modes at loadings 0.03 to 0.3 g BOD. g À1 BVS. d À1 , 0.01 to 0.11 g NH 3 . g À1 BVS d À1 , HRTs 0.7 to 8 h, C/N of 6, and 28 ± 2 W C. The system proved to be very effective in treating municipal wastewater, achieving removals up to 98% for biological oxygen demand (BOD), 75% for chemical oxygen demand (COD) and 97% for ammonia.
INTRODUCTION
In line with developments in the water reuse sector, the concerned authorities in arid and semi-arid countries have implemented policies calling for construction of new wastewater treatment plants and upgrading existing plants to cope with increasing flows and produce treated effluents suitable for reuse in irrigation. Currently, treated wastewater effluents in the Arabian Gulf countries are reused extensively in landscape and greenery irrigation and, to a lesser extent, in agricultural lands (Hamoda ) . This process employs a four compartment-in-series reactor equipped with an array of submerged media (fixed ceramic plates) for biomass attachment that is maintained under continuous diffused aeration. Modification of the ASFF process to operate in the anoxic-aerobic (A/ASFF) mode could have has become a viable option to upgrade the activated sludge process (Odegaard & Rusten ; Su & Ouyang ; Hamoda & Al-Sharekh ) . Performance of such hybrid systems requires further investigation.
This study was conducted in order to investigate the effect of hydraulic loading on nitrogen removal in the ASSF hybrid system. A new approach was to alternate the anoxic-aerobic mode in an A/ASFF bioreactor in order to promote nitrogen recovery from wastewater for potential water reuse.
MATERIALS AND METHODS

Description of the pilot plant and experimental set-up
The aerated submerged fixed-film (ASFF) bioreactor was used for conducting the pilot-scale experiments. This reactor is made of 6-mm thick plexiglass sheets and is divided into four equal-sized compartments connected in series. Each reactor has a total liquid volume of 115 l. A pilot plant was installed at Al-Awir WWTP in Dubai (Figure 1 ).
The experimental programme involved in-parallel testing of ASFF and A/ASFF reactors, each packed with the 'Biolace' support medium. Biolace is a structured medium of cross-linked textile fibres which is fixed vertically and stretched in a high-grade stainless steel cage. Five sheets of the Biolace (each 390 mm long and 230 mm wide), spaced at 25 mm, were fixed in each cage, occupying approximately 44% of the compartment's volume. The biolace is manufactured by UTS, Germany. It has a specific surface area of 17.5 m 2 /m 3 . Each reactor was operated continuously at a preset feed flow rate. Different flow rates were tested in each reactor over a total period of 9 months to obtain HRTs (hydraulic retention times) in the range of 0.7 to 8 hours. Aeration was provided in the second to fourth compartments in the A/ASFF and in all compartments in the ASFF reactors through medium-to-fine, tubularmembrane, air diffusers placed underneath the media and operated at a constant pressure of approximately 200-250 kPa.
Operating parameters
The operating parameters applied in the ASFF and the A/ASFF bioreactors are summarized in Table 1 . The reactors were operated at ambient temperature of 28 ± 2 W C.
The mass loadings were based on filtered (soluble) biological oxygen demand (BOD) and chemical oxygen demand and (2) circulating the effluent nitrified mixed liquor (NML) into the first compartment to further support the anoxic process, especially at the shorter hydraulic retention times (HRTs) of 1 h or less. Therefore, such internal loading was accounted for in the overall hydraulic loading applied to the system.
Analytical methods
Samples were collected daily from each reactor and analysed on the same day of collection. The samples were filtered using Whatman Qualitative Filters size 4. The following parameters were determined on the filtrate: BOD 5 , COD, ammonia (NH 3 -N), nitrites (NO 2 -N), nitrates (NO 3 -N), and total oxidized nitrogen (TON). Unfiltered samples 
RESULTS AND DISCUSSION
Major performance parameters such as organics removal, nitrogen transformation and nitrification-denitrification rates were used to compare the performance of the ASFF and A/ASFF bioreactors operating at constant, but different hydraulic loading rates. Tables 2 and 3 Figure 2 . It is evident that the A/ASFF bioreactor performance was slightly better than that of the ASFF bioreactor.
Removal of organics
The first compartment of the A/ASFF bioreactor had DO concentrations between 0.1 and 0.2 mg l À1 . This is due to the long retention time in the settling tank, thus production of the A/ASFF bioreactor were determined as illustrated in Table 4 . Generally, the observed compartmental efficiency suggests the presence of active nitrifying microorganisms mainly in the second and third compartments at all loading rates. This allowed the fourth compartment of the A/ASFF bioreactor to contribute to process stabilization and to act as a buffering zone to make up for any fluctuations in performance. Therefore, the A/ASFF bioreactor would offer stable nitrification performance and quickly adapt to fluctuations in the organic and hydraulic loading rates applied to the system. In contrast, nitrification in the ASFF bioreactor was mainly accomplished in the third and fourth compartments.
The A/ASFF bioreactor effluent was characterized by <1.0 mg l À1 NH 3 -N, <12.2 mg l À1 NO 3 -N, <16 mg l À1 TON-N, <5 mg l À1 BOD and <10 mg l À1 SS which can easily meet the requirements for nonpotable agricultural or industrial reuse applications (Hamoda ) . An effluent NO 3 -N concentration of <3 mg l À1 exists in wastewaters that are fully nitrified and denitrified. An effluent that is fully nitrified but has not been denitrified will generally con- 
Removal rates
Ammonia removal efficiencies were higher in the A/ASFF bioreactor compared with those observed in the ASFF bioreactor especially at shorter HRTs. This is illustrated in Figure 3 which shows percentage ammonia oxidation of up to 97% at HRTs of 6-8 h. Meanwhile, Figure 4 illustrates the mean concentrations of nitrates obtained in all Table 5 .
One of the benefits gained in adopting the anoxic step in the A/ASFF bioreactor is evident in securing steady ammonia removal at higher hydraulic loading rates than applied in the ASFF bioreactor which gives an edge to the A/ASFF bioreactor as a biological nitrogen removal (BNR) process ( Moreover, aeration requirements in the A/ASFF bioreactor are much lower. It can be noticed from Table 6 that a 10fold increase in the organic loading rate from 0.133 to 1.360 g BOD.g À1 BVS d À1 resulted in a 10-fold increase in the denitrification rate from 0.44 to 4.74 g TON kg À1
BVS·h À1 . Such rates are higher than those reported by Galvez et al. () for a submerged fixed-film reactor but are comparable to those reported by other researchers for either autotrophic or heterotrophic denitrification as presented in Table 7 .
The specific substrate (TON) utilization rate increased linearly with the increase in the TON loading rate applied in the first compartment of the A/ASFF bioreactor, in the range of loadings studied. The correlation coefficient obtained was high (r 2 ¼ 0.9923) as shown in Figure 5 . This indicates that the system was not under TON limitation.
Similarly, the carbonaceous (BOD) substrate utilization rate was not adversely affected despite the increase in mass or hydraulic loading rate applied (i.e. decrease in HRT) and followed a first-order kinetic model (IWA ).
The BOD consumed per TON removed (g BOD/g TON)
was determined. Figure 6 shows that this ratio was increased at shorter HRTs (i.e. higher loading rates) and was associated with higher denitrification rates. The denitrification process was able to eliminate about 3.35 mg BOD (or 6.6 g COD) versus 1 mg denitrified NO 3 -N. This contributed to higher organic removal in the A/ASFF system. The denitrification rate in the A/ASFF system reached up to 114 mg TON g À1 BVS d À1 .
From the results obtained above, the observed nitrification/denitrification patterns of behaviour are very coherent.
There are many operational advantages to be obtained from the application of fixed-film processes such as the A/ASFF process compared with suspended growth processes for nitrification and denitrification because of the retention of high biomass and long mean cell residence time in the A/ASFF process. Reduction of more than 25% in sludge production under anoxic conditions and low aeration rates in the A/ASFF process compared with aerobic conditions in the ASFF process results in reduced operational cost.
CONCLUSIONS
Based on the experimental results obtained, the principal findings of this study are the following:
1. The ASFF and A/ASFF bioreactors achieved high carbonaceous and nitrogenous substrate removal efficiency of up to 98% and 75% for BOD and COD, respectively, and up to 97% for ammonia. Process performance was not adversely affected by a 10-fold increase in loading rates in the range of 0.5 to 6.6 m 3 kg À1 BVS d À1 for hydraulic loadings and in the range of 0.03 to 0.3 g BOD g À1 BVS d À1 for organic loadings.
2. For nitrification at the shorter HRTs (0.7 h), the A/ASFF bioreactor was superior to the ASFF bioreactor in terms of ammonia removal efficiencies. The denitrification rate was also high in the first compartment of the A/ ASFF bioreactor at the shorter HRTs. A 10-fold increase in the specific denitrification rate from 11 to 114 mg TON g À1 BVS d À1 was associated with a 10-fold increase in specific organic loading rate from 0.133 to 1.360 g BOD g À1 BVS d À1 . 
Aerated submerged
fixed film Domestic wastewater 0.096 g N g À1 BVS d À1 at 28 ± 2 W C This study COD/N ¼ 6 0.192 kg N m À3 d À1 at 28 ± 2 W C HRT ¼ 0.7-8 h Loading 0.009-0.099 g NH 3 -N g À1 BVS d À1 
Success of the
